This flies is probably due to a partial loss of function of the complex mediates telomere maintenance in addition spalt complex. However, both constructs rescued all to a variety of functions in response to DNA doublethe mre11-associated phenotypes described below strand breaks, including homologous recombination, (apoptosis, telomeric fusions, and chromosome breaknonhomologous end joining (NHEJ), and activation of age). Henceforth, the deficiency combination that re-DNA damage checkpoints. Mutations in the Mre11 moves the mre11 gene will be designated as the mre11 DC gene cause the human ataxia-telangiectasia-like dismutation/mutant.
gene cause the human ataxia-telangiectasia-like dismutation/mutant.
order (ATDL) [1, 2]. Here, we show that null mutations
The rad50 mutations were both generated by mobiliin the Drosophila mre11 and rad50 genes cause both zation of nearby P element insertions. The rad50 ⌬5.1 mutelomeric fusion and chromosome breakage. Moretant allele is a deletion of the 5Ј end of the gene and is over, we demonstrate that these mutations are in the produced by an imprecise excision of the P{KG02493} same epistasis group required for telomere capping element ( Figure 1B ). The rad50 EP1 mutation carries a P and mitotic chromosome integrity. Using an antibody element insertion in the third exon of the gene and is against Rad50, we show that this protein is uniformly generated by mobilization of the EP(2)2600 element [8]. distributed along mitotic chromosomes, and that
The rad50 ⌬5.1 and the rad50 EP1 mutations are both homoRad50 is unstable in the absence of its binding partner zygous lethal, and their lethality is rescued by the Mre11. To define the roles of rad50 and mre11 in telorad50 ϩ -bearing construct shown in Figure 1B . This conmere protection, mutant chromosome preparations struct also rescued the other rad50-associated phenowere immunostained for both HP1 and HOAP, two types described below (apoptosis, telomeric fusions, proteins that protect Drosophila telomeres from fusion chromosome breakage). The finding that rad50 EP1 and [3, 4]. Cytological analysis revealed that mutations in rad50 ⌬5.1 homozygotes and hemizigotes (bearing the rad50 and mre11 drastically reduce accumulation of mutation over Df(2R)X58-8) all show similar frequencies HOAP and HP1 at telomeres. This suggests that the of telomeric fusions and chromosome breaks indicates MRN complex protects Drosophila telomeres by facilithat both mutations are null (see below and data not tating recruitment of HOAP and HP1 at chromosome shown).
ends.
Mutants at mre11 and rad50 loci both died during the pupal stages. The mre11 DC flies tended to die earlier, never surviving to adulthood, whereas rad50 ⌬5.1 mutants *Correspondence: maurizio.gatti@uniroma1.it 5 These authors contributed equally to this work.
usually died close to the time of eclosion. 1%-5% of rad50 mutant flies did eclose but survived only briefly as adults. For both loci, the mutant pharate adults exhibited rough eyes, scalloped wings, and shorter or missing bristles ( Figure S1 in the Supplemental Data available with this article online). These phenotypic traits are typically associated with high levels of chromosome instability and cell death [9, 10]. Among the control groups, including wild-type and mutants with rescuing constructs, only 4% of the major thoracic bristles were missing, compared to 33% in the nonrescued mre11 and rad50 mutants ( Figure S2 ). In addition, the frequency of bristles with reduced size was 29 times greater in the mutant categories. Previous work [10] suggests that an increase in reduced bristles indicates hemizigosity at Minute loci, thus implying partial or complete chromosome loss in somatic sectors.
To directly assess cell death, we measured apoptosis in mutant wing discs. Untreated wing discs from both mre11 DC and rad50 ⌬5.1 mutants showed high levels of apoptosis compared to wild-type or to controls bearing the rescuing constructs ( Figure 1C ). Frequent apoptotic cells were also observed in the wing discs of rad50 abnormally long arms (see Figure S3 for the origin of involving either one (chromatid breaks) or both sister chromatids (isochromatid breaks). These breaks were these aberrant chromosomes). Other bridges will not break, preventing completion of anaphase and resulting characterized by the simultaneous presence of both the acentric and the centric fragment and were thus unlikely in hyperploid/polyploid cells ( Figure S3) .
In addition to cells with rearranged chromosomes, we to be the consequence of a severed anaphase bridge. To substantiate the finding that the mre11 and rad50 also observed metaphases with chromosome breaks The rad50 and mre11 single mutants and the mre11 rad50 double mutant have very similar frequencies of both telomeric fusions and spontaneous chromosome breaks and exhibit similar sensitivities to the induction of chromosome breakage by X-rays (Table 1 and Figure  2) . These results indicate that rad50 and mre11 are in the same epistasis group, consistent with the view that the Mre11 and Rad50 proteins function as a complex and that disruption of either subunit results in a complete loss of function of the entire complex.
We next focused on the mechanisms underlying the formation of telomeric fusions in rad50 and mre11 mutants. As a first step in this analysis, we wanted to determine the subcellular localization of the MRN complex. We thus generated an antibody against the central part (aa 538-875) of the Rad50 protein. This antibody recognized a band of the correct molecular weight, which was not detectable in either rad50 EP1 or rad50
mutants, supporting the conclusion that both mutations are null ( Figure 3B ). Immunostaining with this antibody revealed that the Rad50 protein is uniformly distributed along the metaphase chromosomes with an accumulation at the pericentric heterochromatic regions ( Figure 3A) . As expected from Western blot analysis, rad50 ⌬5.1 mutant metaphases did not exhibit any immunostaining ( Figure  3A) . However, we also did not observe any fluorescent signal on mre11 DC mutant chromosomes ( Figure 3A ) and failed to detect a Rad50 band in Western blots from mre11 DC mutant brains ( Figure 3B ). Because RT-PCR showed that rad50 is normally transcribed in an mre11 mutant background (Figure 3B) , these results strongly We thus analyzed HOAP localization in both mitotic and polytene chromosomes and HP1 localization only in polytene chromosomes. genes are required to prevent chromosome breakage, The analysis of mitotic chromosomes revealed that we irradiated mutant and control larvae with X-rays. mutations in the rad50 and mre11 genes strongly affect Examination of brain preparations from these larvae re-HOAP localization at telomeres ( Figure 4A ). In Oregon vealed that mre11 and rad50 mutant cells are at least R controls, 80.5% of telomeres displayed a clear HOAP one order of magnitude more sensitive than wild-type signal, whereas the remaining 19.5% were not labeled. Figure 4A) 
lation (

